Introduction
Recent research has shown the dram atic influ ence which boron and silicon have on the symp toms produced by the Belladonna M ottle Virus in infected tobacco plants ( Nicotiana tabacum) . The preinfectional boron enrichement of the plants considerably weakens the symptom expression of the infection whilst silicon enhances them greatly [1] . It has also recently been found that boron and silicon applied in appropriate concentrations stimulate together strongly the growth of spinach ( Spinacea oleracea) in hydrocultures. However, both elements can increase the inhibition effect of certain herbicides [2] ,
The most sensitive parts of plants to boron and silicon supply in vivo are obviously the reproduc tive organs. For example, boron deficiency or tox ic excess leads to morphological and functional m odification o f pollen before other phenomena appear on the plant [3] [4] [5] . Optimal boron supply leads to strong pollen activity in plants [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , U nder in vitro conditions, boron is the most ef fective factor to obtain pollen germination and tube growth . The effect of boron, how ever, can be influenced by other components, for example by C a2+ [20-22, 25, 28, 30, 31, 42-44] and phytoregulators (IAA, gibberellic acid) [45] [46] [47] [48] , From these and further results of literature [49] [50] [51] it became evident that boron and silicon might have central regulatory functions on vegetable sys tems and probably also for microorganisms and animals. Thus, the former poorly understood role which silicon plays takes on a greater importance. In an attem pt to examine the influence of boron and silicon on pollen of Lilium longißorum, in vitro pollen germination and pollen tube growth experi ments appear to be especially indicated.
Boron and other elements are known to play an im portant part in the synthesis of pyrimidine bases in plant growth [52, 53] . In order to see whether a boron deficiency during germination and tube growth can be compensated for, nucleic bases and similar compound were utilized in the presented experiments. Tests were also made to see if organic boron compounds had the same effects on pollen tube growth as boric acid. The effect o f Zn2+ as a potential antagonist o f boron in biochemical re actions and especially in germination and tube grow th was also examined as well Ca2+. Finally, the herbicide Dicuran was used as its toxicity can be considerable increased by supplying boron to plants.
Materials and Methods
In the present study aqueous solutions contain ing 9 ppm boron as boric acid and 10% sucrose were used for the growth of Lilium longiflorum pollen (cf. Röderer and Reiss [40] ). In each series o f tests uniform pollen charges were used. The fol lowing compounds were applied: boric acid (M erck), water glass (Merck), adenine (Merck), guanosine (Serva), A M P (Boehringer), adenosine (M erck), deoxyadenosine (Merck), deoxycytidine (Sigma), uracil (Sigma), uridine (Sigma), thymi dine (Sigma), 2-thio-5-dihydroxyboronic uracil (= BTU, gift of Prof. Dr. D. Gabel, University of Bremen), Z nS 04 (EGA-Chemie), C a (N 0 3)2 (M erck), Dicuran (= 3-(3-chloro-4-methylphenyl)-l,l-dim ethylurea, Ciba Geigy).
F o r germination studies single lily anthers were dipped in 1 ml of the sugar solution (10% sucrose and 9 ppm boron or no boron at all) for about 10 min, and then removed. Each time 100 |il were taken from the pollen suspension and transferred by pipette to 900 jj.1 of the corresponding test solu tion (standardized approach). Each test solution contained 10% sucrose and, according to the test m ethod either 9 ppm boron or no boron. Each series o f experiments was carried out with the pol len suspension derived from the same anther. An exception to this was the pilot test in which pollen growth was tested o f a wide range o f boron con centrations. Here, one anther was used for each concentration. The experiments were performed at about 22 °C.
The following stock solutions were used for the different series of tests and results were entered in aliquots: silicon (0.1, 1, 10, and 100 ppm), purine bases (20, 100, 200 and 1000 ppm), pyrimidine bases (20, 100, 200 and 1000 ppm), Zn2+ (2, 8 and 40 ppm), Dicuran (2 and 20 ppm), BTU (10, 30 , and 50 ppm). All tests were carried out at pH 6.0 ± 0.2. Generally the pollen suspensions were test ed microscopically one day after starting the test. However, some tests were stopped by adding chlo roform 3 .5 -7 h after beginning the experiment.
F or the evaluation o f the experiments 0.5 ml of the upper pollen-free part of the 1 ml and 1 day old pollen suspension were carefully removed with a pipette and then discarded. (This is easy to do as, after 1 day the pollen gravitates to the bottom of the solution.) The remaining 0.5 ml were trans ferred to a microscope slide using a magnification o f 100 x to ascertain growth lengthwise.
The lengths o f the pollen tubes were assigned in four categories (for comparison: the diameter of an ungerm inated pollen grain of Lilium longiflo rum lies between 0.07-0. F or the kinetic study o f the influence of silicon on pollen germ ination 50 ^il chloroform were added to the test solution to stop growth after 3.5 and 7 h, respectively.
Boron and silicon analysis of anthers of Lilium longiflorum was perform ed by using the pressure ashing m ethod and the inductively coupled plasma emission spectroscopy (ICP) [1] .
Results and Discussion

Boron
Boron is an im portant factor of the nutrient so lution for the in vitro pollen tube growth of Lilium longiflorum , Such a boron activated pollen is shown in Fig. 1 a. In order to study the influence Boron and silicon can dramatically influence plant processes [54] [55] [56] [57] , Therefore, it was of spe cial interest whether silicon can influence the elon gation of pollen tubes. Silicic acid does not stimu late pollen activity if boron is absent. In boron containing solution silicon contribute an additio nal effect to pollen growth, as it is shown in Fig. 3 . A small growth stimulation is already seen at 0.1 ppm Si. Silicon concentrations above 10 ppm do not lead to further changes in germination be havior. High silicon concentrations (more than 100 ppm) show an inhibiting effect.
of boron on the pollen growth the boron content was varied at a constant sugar level. As can be seen from Fig. 2 , pollen tubes grew easily between 2 and 20 ppm of boron. The optimum boron level is at 10 ppm with a large plateau. This agrees with re sults obtained using pollen of other plants [16, 52] . In all germination tests in the absence o f boron it was found that Lilium longiflorum produced only short starting pollen tubes w ithout any develop ment. Already minimal traces of boron showed an effect. Thus, 0.02 ppm boron in the solution are sufficient to obtain a pronounced form ation of medium-long pollen tubes.
The basic role o f boron for activation of pollen seeds is confirmed by in vivo experiments: boron In order to reach the conclusion as to whether silicon stimulates at an early or later stage in the elongation process, pollen growth was stopped aft er 3.5 and 7 h, respectively, by using chloroform. As dem onstrated in Fig. 4 silicon acts in the initial pollen tube elongation stade as an inhibitor. How ever, after the initial inhibition phase a distinct stim ulation o f elongation takes place. Thus, the silicon stim ulation appears to occur only at a rela tively late time.
The m ajority of germinated pollen only form a single tube. Occasionally however, pollen with branched tubes appear. The number of branched tubes (i.e. pollen with two tubes issuing from one initial germinated tube, cf. Fig. 1 b) seems to be significantly higher in solutions containing silicon than in silicon-free sucrose/boron solutions: for example, in one experiment 30 branched pollen tubes (= 4% ) were found among 700 germinated grains (10 ppm Si in the nutrient solution). W ith out silicon, the number of branched pollen tubes ranged between 0 and 4 (0 -0 .6 % , based on 700 germinated pollen grains suspended in the pure sucrose/boron solution), although in most cases no branching was found. It appears that silicon does not only stimulate the cell growth but also prom ote other cellular hyperactivity phenomena.
In vivo experiments confirm these experiments: In fact, silicon enrichment o f whole plants rise sig nificantly the pollen fertility [58] [59] [60] . This phe nom enon is coupled with a significant silicon con tent o f pollen: The anthers of Lilium longiflorum used in this study contain 4 0 -1 0 0 ppm Si.
Nucleic bases and derivatives
In experiments with tobacco where plants were grown in the presence of boron and/or silicon, and where the leaves were subsequently infected with Belladonna M ottle Virus [1] and from other results [37, 61] , there were indications that boron and sili con can directly affect the nucleotide metabolism. As the pollen o f Lilium longiflorum does not germi nate efficiently in pure sucrose solution it was of interest to study the pollen growth pattern in the presence o f nucleic bases and some derivatives.
As shown in Fig. 5 adenine can partially replace boron under in vitro conditions for pollen germi nation and tube elongation. The mean length / reaches about half the value referring to the con trol test (control/B) where 9 ppm boron are added to the sucrose solution. The maximum stimulation occurs at 100 ppm. At 1000 ppm adenine the pol len tube growth is totally suppressed. In the case of guanosine a stim ulation effect is found, too, but higher concentrations are not toxic. No effective stimulation takes place in the absence o f boron using adenosine, AM P, d-A M P, uracil, uridine or thymidine in a range o f 20-1000 ppm.
Large differences were found when nucleic bases and their derivatives were added to sucrose solu tions in the presence o f boron (Fig. 6) . In addition to the boron effect small am ounts of adenine (< 20 ppm) stimulate the growth o f pollen tubes whereas large am ounts act as an inhibitor. A simi lar behavior was found in the absence o f boron (Fig. 5) . The differences between the adenine curves from Fig. 5 and Fig. 6 reveal that i) the ade nine stimulation is additive to the boron effect at low concentrations, and ii) the toxic effect of ade nine begins at lower concentrations if boron is present. Adenosine has no pronounced influence on the boron effect (Fig. 6 ). Deoxyadenosine and AM P inhibited continuously the growth o f pollen tubes when their concentrations were increased.
In order to test whether nucleic bases containing boron also influence pollen elongation, 2-thio-5-dihydroxyboronicuracil (BTU, used in support ed neutron therapy) was used instead of boric acid. In fact, BTU can partially replace boron. 20 and 50 ppm BTU enhance distinctly the mean length of pollen tubes (a value up to about l A is obtained in comparison to the control test when 9 ppm boron is used).
Z n 2+, Ca2+ and Dicuran
In vivo experiments show that zinc [62] [63] [64] p ar ticipates like boron [29, 36, 37, 65] in RNA, D N A and protein synthesis in germinating pollen. Syn ergistic and antagonistic interactions of both trace elements are possible. In order to examine the effect of zinc, Z n S 0 4 was added to the sucrose/ boron solution. It was found that even 2 ppm Zn2+ strongly inhibited the form ation of tubes (the very long tubes were reduced by up to 90%) and 8 ppm virtually suppressed the form ation of tubes com pletely.
As Ca2+ can increase the boron effect on pollen germination and tube growth [20-22, 28, 30, 31, 42-44] the influence of Ca2+ was tested in the ab sence of boron. As shown in Fig. 7 Ca2+ can p ar tially compensate boron deficiency in the nutrient solution.
A vigorous inhibition was found when the her bicide Dicuran was added to the sucrose/boron solution. For example, only short pollen tubes occurred in optimized nutrient solutions (9 ppm B) containing additionally 20 ppm Dicuran. This is in agreement with analogous in vivo studies showing that herbicide treatment damages firstly and most severely the male reproductive system of plants [66] [67] [68] [69] [70] [71] [72] [73] . Even pollen activity loss can be used as an indicator for pesticide pollution [74] ,
The activity o f pollen
The type of storage and the age of the pollen have an im portant influence on the activity o f the pollen [18] . Within a few weeks pollen stored in the desiccator over silica gel at 4 °C can suffer total loss of activity as well as being affected by m ould. It was also discovered that there was a strong vari ation in pollen activity between different samples.
The num ber of pollen per unit volume used in the experiment had, in itself, an influence on the results. Like other biological processes (virus in trusions in host cells) pollen seeds m utually stim u late each other during growth when the num ber of pollen seeds in the suspension medium increases. This observation agrees with published findings [ 18, 75] . For this reason usually experiments within a series were conducted with the same pollen count.
Conclusion
This study dem onstrates that boron is essential to prom ote vigorous pollen germination and tube growth in vitro and in vivo. The hypothesis of the biological functions of boron in the reproductive activity of plants is also supported by the fact that this element is naturally enriched in pollen and stigma m ateria in respect to the global content of the vegetable. In the pollen o f L . lo n g iflo ru m used in this study 2 0 -3 0 ppm boron were found.
Silicon leads to an additional activation of pol len of L . lo n g iflo ru m under in vitro conditions. Like in the case o f boron silicon enrichment of the whole plant produces the same effect.
The synthesis o f the results obtained or referred to in this work leads to the following conclusions: Boron and silicon play a definitive role in 3 highly dynamic phases o f the life cycle o f plants.
i) In the reproductive phase both elements stimulate the intensified physiological processes. Boron availability is a sin e q u a non-condition for pollen seed activation in v itro . Silicon has a syner gistic effect.
ii) During the seed germination and the first growth boron supply is essential. Boron and sili con stimulate growth of higher plants [2, 53, 54, 57] and algae [76] .
iii) After infestation by virus [1] boron and sili con can produce dram atical effects on the host plant. In function o f the parasite/plant cell system, the action of boron and silicon can be protective or destructive, synergistic or antagonistic.
The actions o f boron and silicon are obviously coupled. The small concentration range between boron deficiency and toxic excess seems to become considerable larger if silicon is present.
F urther investigations are necessary to elucidate the role o f boron and silicon in molecular biologi cal processes to identify active boron and silicon com pounds and complexes in plant physiology.
Finally, the in v itro pollen experiments may be used for simple, rapid and inexpensive test systems to control environmental pollution.
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